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ABSTRACT
Differences in sugar titers, JH synthesis rate and biogenic amine metabolism 
correlated with three distinct activity groups o f mature bees: resting bees, followers and 
dancers. Dancers had lower trehalose titers than followers or resting bees. In 
absconding bees trehalose titers were even lower, due to greatly elevated locomotor 
activity. The collecting and transferring o f food by dancers and followers resulted in a 
higher glucose titer than in resting bees. Followers had a higher JH synthesis rate than 
dancers, suggesting that JH could be an internal motivational stimulus to recruit 
followers to forage. Dancers and followers collect and transfer food and therefore had 
higher a-glucosidase activity in the hypopharyngeal gland than resting bees. Higher 
rates o f the a-giucosidase activity were associated with higher JH synthesis rates, 
suggesting a JH regulated reprogramming of the hypopharyngeal gland from royal jelly 
production to a-glucosidase. Dopamine (DA) metabolism was higher in the brain o f  the 
dancers than in followers, suggesting that brain DA levels may be involved in regulation 
of recruitment. The correlation o f brain DA metabolism in the brain to that in the 
hemolymph suggested that brain DA brain was metabolized into the N-/3- 
alanyldopamine (NBAD), which was then exported into the hemolymph. DA, NBAD, 
octopamine and serotonin levels were higher in the upper part o f  the brain than in the 
lower. A higher rate o f DA metabolism was observed in the upper brain (containing the 
calyx of the mushroom body) o f all activity groups, and the DA metabolism was higher 
in dancers than in followers or resting bees. It is suggested that DA modulation o f the
xi
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neural activity in the calyx might be involved with recruitment behavior. In addition, 
differences in sugar titers, the JH synthesis rate, and biogenic amine levels were found 
to be correlated with the availability o f  food, the season and the time o f day.
xii
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GENERAL INTRODUCTION
In a large stable colony, the young worker bees progress through at least three 
age related behavioral phases in the hive. The newly emerged bees first perform hive 
duties related to cleaning the combs, then they become nurse bees concerned with 
feeding larvae, comb building, and hoarding, and finally at about the age o f 2 to 3 
weeks they become foragers (Seeley and Kolmes 1991). Such age related division o f 
labor can show some variation due to genetic differences (Calderone and Page 1992; 
Page et al. 1995), effects o f social interactions between bees and colony needs 
(Guzman-Novoa et al. 1994; Page and Fondrk 1995).
I define bees old enough (> 3 weeks) to forage as mature bees. Among these 
mature bees I distinguish three distinct behavior groups: dancers, followers and resting 
bees. Dancers are active foragers, however not all active foragers perform a waggle 
dance when they return to the hive. Followers may have previous foraging experience 
or not, but usually become regular foragers when they are recruited by the dancers. 
Resting bees can be temporarily inactive foragers or inexperienced preforager bees.
Foragers collect nectar and pollen from flowers, honeydew secreted by aphids 
or other insects and occasionally other sweet fluids such as the juice o f  fruits and 
grapes (Winston 1987). Blooming o f plants is a seasonal event influenced by climate, 
and each species has a period of peak blooming. The amounts o f nectar and pollen 
presented by a plant are influenced by soil, air humidity, wind conditions, rain, etc. 
When honeydew forms a part o f the food source, foraging will in addition be dependent
1
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on the development and reproduction o f aphids or other secretors o f honeydew, and 
upon the presence o f aphid predators and diseases (Kunkcl et al. 1985). Even if there is 
available food, foraging can be suppressed by adverse weather conditions such as rain, 
strong wind, cold (<12°C) or excessive heat, and o f course, bees do not forage at 
night.
Communication between foragers and other bees, particularly followers, 
improves foraging efficiency (von Frisch 1965; Seeley 1985, 1994; Seeley et al. 1991), 
which results in more food collected. Trophalactic exchange o f nectar between foragers 
and hive bees and antennating (making antennal contacts) of the pollen provide an 
essential source o f information about the quality o f the food source. The most 
important characteristics o f  the nectar sample which bees perceive are the sugar 
concentration, the taste, and the odor o f the sample (von Frisch 1923, 1965). The 
higher the concentration o f sugar in the nectar sample the greater the stimulatory effect 
(von Frisch 1965, Couvillon et al. 1994). Bees associate the odor o f the nectar with the 
sugar reward of that plant (Loo and Bitterman 1992, Menzel 1993), and this odor 
alone can be sufficient to guide the bees to the food source even without a waggle 
dance (Wenner and Johnson 1967; Wenner et al. 1991). During the blooming o f large 
plantings o f nectar producing trees, such as Robinia pseudoaccacici in Southern and 
Central Europe, bees can easily follow the strong and wide odor trail to its source. 
When the food source is more restricted and odor trails are weak or lacking, then bees 
can orient by visual cues. It was proposed (von Frisch 1965) and later proved
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
(Gould 1975a,b ) that bees can be stimulated to search for food and be guided in the 
correct course by the information which they receive from waggle dancers m the hive.
Dancers are active foraging bees that perform waggle dances on the combs after 
they return from foraging trips, and by means of the waggle dance they convey signals 
related to the food source to other bees (von Frisch 1965). Followers follow the 
dancers and are therefore in a position to obtain information about food location (Bozic 
and Valentincic 1991). Those followers, that are stimulated (motivated) by dance 
signals or chemical signals from the new food in the hive, seek the exit and fly out in 
search o f the food. Followers which find the food indicated by the dancers are called 
recruits. The waggle dance communication and finding o f the food by followers is 
called recruitment behavior (von Frisch 1946, 1965; Mautz 1971; Gould 1975a; Seeley 
1983).
The major purpose in this study was to determine some o f  the physiological 
changes that occur in the hemolymph and in the brain, that might be associated with the 
recruitment behavior. During observation o f recruitment behavior I recognized that 
bees do not respond immediately to the first dancer encountered, but rather bees have 
to follow several waggle dancers before they successfully find the feeding place (Mautz 
1971; Bozic 1992). It was also shown that follower antennating o f the dancers and 
food exchange with the dancers and other foragers increased the probability o f 
recruitment on subsequent encounters. I considered the possibility that followers might
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
show modifications in hemolymph sugar ratios, rates o f juvenile hormone synthesis or 
levels o f biogenic amines in the bram.
In chapter 1 the changes in hemolymph sugars relative to the activity o f mature 
bees was studied. Sugars are the major source of energy in the nutrition o f honeybees 
(Winston 1987). Bees collect nectar and honey dew, and the preferred nectar contains 
equal amounts o f  sucrose, glucose and fructose (Wykes 1952a,b). The sucrose is 
digested by an a-glucosidase from the hypopharyngeal glands and midgut o f honeybees 
(Zherebkin 1967; Takewaki et al. 1980) to glucose and fructose. The fructose and 
glucose in the midgut are quickly transported into the hemolymph (Crailsheim 
1988a,b). Hemolymph glucose is taken up by fat body cells, which synthesize the 
disaccharide trehalose and release it into the hemolymph to be used as a source of 
energy in all other organs (Wheeler 1989). In insects, such as honeybees, that bum 
carbohydrates as their major source of energy trehalose is the flight fuel (Candy 1989).
In chapter 2 the JH induced reprogramming of the hypopharyngeal glands from 
secreting royal jelly to production o f a-glucosidase was studied. The hypopharyngeal 
glands are called feeding glands in nurse bees because they produce royal jelly to feed 
the larvae. In mature bees this gland produce the enzyme a-glucosidase, which 
hydrolyzes sucrose to glucose and fructose. Alpha-giucosidase in honeybees was first 
called sucrase (Huber 1975; Huber and Mathison 1976) or invertase (Simpson et al.
1968), but later this enzyme was identified as a-glucosidase (a-D-glucoside 
glucohydrolase, EC 3.2.1.20, Tekewaki et al. 1980; Kimura et al. 1990). The JH titer
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
increases from low levels in newly emerged adults and reaches a peak in mature bees 
shortly after foraging begins (Huang et al. 1991). Young bees treated with JII analog 
methopren started foraging earlier than control bees (Robinson 1987a, b). Both studies 
suggest that JH is involved in expression o f foraging behavior in honeybees, therefore it 
is reasonable to suspect that JH is also involved in regulation o f recruitment behavior.
In chapter 3 the possible involvement o f biogenic amines in the induction of 
recruitment behavior was studied, and bees were fed dihydroxyphenylalanine (DOPA) 
to test how recruitment behavior might be stimulated through feeding a biogenic amine 
precursor. The biogenic amines dopamine (DA), octopamine (OA) and serotonin 
(5HT), have been shown to modulate and integrate behavior and sensory perception in 
honeybees (Mercer 1987; Menzel et al. 1988; Bicker and Menzel 1989; Erber et al. 
1993; Erber and Kloppenburg 1995; Kloppenburg and Erber 1995), and higher levels 
o f the biogenic amines were observed in foragers than young hive bees (Taylor et al.
1992).
In chapter 4 the DA metabolism in the brain and hemolymph and the possible 
transfer between brain and hemolymph was studied. DA has been recognized as an 
important neurotransmitter in the central nervous system (CNS) o f  several insects 
(Mercer et al. 1983; Takeda et al. 1991, Hirashima and Eto 1993; Linn and Roelofs
1993). The Source o f DA is the amino acid tyrosine, which is hydroxylised to DOPA, 
and DOPA is decarboxylised to DA (Lehninger et al. 1993). In insects, the major 
metabolites o f DA are N-acetyl dopamine (NAD A) and N-P-alanyldopamine (NBAD),
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
that are used in tanning and sclerotization o f the cuticle (Hopkins et al. 1982; Andersen 
1989; Czapla et al. 1990). NBAD is involved in the cross-linkage o f cuticular proteins 
(Christensen et al. 1990), and elevated level o f  NBAD in hemolymph is associated with 
genetic black mutants o f Drosophila melanogaster (Weber et al. 1992). There is no 
known neurophysiological function o f  NADA or NBAD, however, cuticular and CNS 
metabolism of DA might be linked through incorporation o f DA metabolites produced 
in the CNS into the cuticle (Kruger et al. 1990). Beekeepers observe more dark colored 
bees in hives with high intake of food than during low intake. The dark cuticle in 
foragers might be due to incorporated blood NBAD resulting from increased brain DA 
level associated with increased foraging activity. Since preliminary tests showed no 
significant levels o f NADA in the brain o f mature bees, only the DA metabolite NBAD 
was included in this study.
In chapter 5 the biogenic amine levels associated with different parts o f  the 
mushroom body were determined and related to the activity groups o f mature bees. 
During the time o f development o f foraging behavior in mature bees, the calyx o f the 
mushroom body in the brain increases in size (Withers et al. 1993; Durst et al. 1994). 
Specific innervation by serotonergic (Schiirman and Elekes 1987; Bicker et al. 1987), 
octopaminergic (Kreissl et al. 1994) and dopaminergic (Schafer and Rehder 1989) 
neurons was found in the mushroom bodies. Therefore, it is reasonable to consider that 
modulation of the foraging behavior might involve modulatory input from these 
neurons.
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CHAPTER 1 
EFFECT OF ACTIVITY ON THE HEMOLYMPH SUGAR TITERS 
IN HONEYBEES
INTRODUCTION
In preparation for foraging, resting bees are aroused by the increased activity o f 
nestmates in the hive and are recruited into foraging by the dancing and food sharing 
activities o f foragers returning to the hive (von Frisch, 1965). Ingested sugars can be 
quickly transported from the midgut into the hemolymph (Crailsheim 1988a,b). As a 
result o f food exchange between resting and foraging bees an increase in hemolymph 
sugar concentrations in resting bees could be expected, and this elevated hemolymph 
sugar concentration in resting bees may contribute to their recruitment as foragers. The 
aim of this report was to measure the fluctuation in the hemolymph sugar titers o f 
mature bees displaying different activities and correlate these titers with arousal and 
excitement leading to foraging activity.
METHODS
Bees were kept in a two-frame observation hive placed in a laboratory with a 
constant temperature o f 24°C. Bees could leave and reenter the hive through a tube 
connected to the outside. The bees were directed to one side o f the observation hive 
where a 20*20 cm sampling window provided access to the comb. Newly emerged 
bees were marked at least three weeks before the beginning of an experiments using 
different color codes for each day. Bees were collected with an aspirator directly from 
the comb surface. They were briefly narcotized with CO, and a 1 /A sample o f
7
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hemolymph was collected from the thorax and put into 50 iA o f HPLC running buffer 
(80% acetyl nitrile and 20% water). Samples were stored at -20°C until analyzed. To 
measure the effects o f daily activities on sugar levels, resting bees were sampled in the 
morning before the first flight activity occurred (before 7:00 A.M.), during the day as 
bees were foraging (10:00 A.M. to 3:00 P.M.), and in the evening after cessation o f 
foraging activity (after 7:00 P.M.).
Hemolymph from bees in the process o f absconding and one hour after they 
had left the hive were sampled. In an attempt to duplicate the elevated level of 
excitement during natural absconding, two groups o f approximately 200 bees were 
placed in 6 x 10 x 12 cm cages and violently shaken with a vortexer for 10 min. They 
were then provided a 50% sugar in a feeder bottle for 10 minutes, the feeder bottle was 
removed and the bees were again vortexed for an additional 10 minutes. After the 
second shaking, a I fA sample o f hemolymph was collected from each bee, and the 
whole bee was frozen in liquid nitrogen to be used to measure the amount o f glycogen 
in the thorax according to the method o f Roe and Daily (1966).
Sugars were separated on a Hewlett-Packard NH2-normal phase column at a 
flow rate o f Iml/min and detected with a Hewlett-Packard refractive index detector. 
The HPLC running buffer consisted o f 80% acetyl nitrile and 20% water. The system 
was calibrated each day with a standard solution containing 10//g o f fructose, glucose 
and trehalose, and data were collected and analyzed with the Shimadzu EZChrome 
software.
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SAS software was utilized for all o f the reported statistical procedures (SAS 
Institute Inc. 1988b). Differences between observed groups were tested using one way 
analysis o f variance with the LSD grouping. A linear regression model was used to test 
statistical dependence o f trehalose on glucose and fructose concentrations. Data are 
reported as means and standard error o f the means (SEM).
RESULTS
Effects of diurnal and seasonal activities on hemolymph sugars
The lowest glucose level in the hemolymph occurred in the evening and was 
58% o f the highest level that occurred during the day (Fig. 1). The trehalose level was 
highest during the day, and was 1.5 times higher than the lowest level in the morning 
(Fig. 1). The trehalose titer was inversely related to the glucose titers in resting bees. 
The slope o f regression lines plotting trehalose against glucose titers changed over the 
course o f a day. The steepest slope was observed in the evening (-1.94±0.28, n=16, 
p<0.001), was intermediate in the morning (-1.36±0.32, n=14, p<0.001, and lowest 
during the day (-0.70±0.18, n=17, pO.OOl).
Meteorological conditions also influenced hemolymph sugar titers. In the two 
days following several rainy days, when bees did not forage, the foraging activity was 
more vigorous on the first clear day after the rain than on the second day. In all activity 
groups o f bees a higher (p<0.05, LSD) glucose concentration was observed on the first 
(16.91±1.38 Azg/jul, N=24) compared to the second day (6.25±0.87 /zg/^l, N=23) 
following the rainy period. The trehalose concentration was lower (p<0.05, LSD) on
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Fig. 1. The effect o f diurnal activity on hemolymph sugar levels in resting bees in the 
spring. F - fructose, G - glucose, T - trehalose. Morning is the time before all foraging 
activity (before 7:00 A.M.), day is the time of active foraging (9:00 A.M. to 
2:00 P.M.), and evening (after 7:00 P.M.) is the time when all foraging has ceased. The 
error bars represent ±SEM. Different letters indicate significant differences between 
means.
the first (21.02±2.23 fj.g//^l, N=24) and higher on the second day (33.55±1.97 ugl/A, 
N=23).
The time o f year also influenced the ratio o f trehalose to glucose titer. In the fall 
the trehalose titer was higher than in the spring but the glucose titer was lower in the 
fall than in the spring (Figs. 2, 3). This pattern was observed in all three activity groups 
of mature bees.
Hemolymph sugar titers correlated to the activity group of m ature bees
The fructose concentration in the hemolymph o f dancers during the spring was 
significantly higher (p<0.05, LSD) than in followers or resting bees (Fig. 2). The
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glucose level o f dancers (during the day) was significantly higher (p<0.05, LSD) than in 
resting bees sampled at any time o f the day (Fig. 1, 2). The dancers had significantly 
lower trehalose than resting bees (Fig. 2). In the spring the trehalose titer related 
positively to the fructose titer only in the dancers (Fig. 4). In the fall, the fructose and 
glucose concentrations in the hemolymph were the same in followers and dancers and 
both groups had higher titers than those found in resting bees in the morning (Fig. 3). 
The dancers had significantly lower (p<0.05, LSD) trehalose levels than the followers 
(Fig. 3).
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Fig. 2. The effect o f  the activity group of mature bees on the hemolymph sugar levels 
during the period o f foraging (day) in the spring. F - fructose, G - glucose,
T - trehalose. The error bars represent ±SEM. Different letters indicate significant 
differences between means.
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Sugar titer
n g /u i
F G T F G T F G T
-Resting bees - — Followers — Dancers
N=21 N=21 N=21
Fig. 3. The effect o f the activity o f mature bees on the hemolymph sugar levels in the 
fall. Resting bees (inactive foragers or hive bees) were tested in the morning (before 
7:00 A.M.) before foraging activity. Followers and dancers were tested during foraging 
activity (10:00 A.M. to 3:00 P.M.) on the same day. The error bars represent ±SEM. 
Different letters indicate significant differences between means. F - fructose,
G - glucose, T - trehalose.
Effects of absconding of hemolymph sugar titers
During absconding the bees were highly excited, and rapidly ran about over the 
combs. During the process o f absconding, a large number o f bees hovered in front o f 
the hive. The hemolymph trehalose concentration was low during absconding 
(4.89±1.24 A*g//d, N=11), but after resting in an absconding-swarm for an hour, the 
trehalose concentrations had returned to normal (26.64±6.04 jug//d, N=12) (Fig. 5) and 
the fructose titer had decreased. The hemolymph glucose titer did not change.
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Fig. 4. Trehalose titer was positively related to the fructose titer only in the dancers in 
the spring (R^O.367, p=0.016, slope = 1.596±0.58l, N=15).
The trehalose titer was a strongly correlated to fructose titers one hour after 
absconding (Fig. 6), that is, at this time a higher trehalose titer was associated with a 
higher fructose titer. At the time o f absconding and one day after absconding trehalose 
was not correlated to fructose.
Effects of induced excitation on sugar titers
Shaking a cage containing bees caused them to fill the crop with a sucrose 
solution after the shaking stopped, compared to unshaken bees that had an empty or a 
partially filled crop. Significantly higher titers (p<0.05, T test) o f fructose were 
observed in shaken bees (8.04±0.46 Mg//d (N=24) compared to the control group 
(3.67±0.25/ug//ul, N = 24), but the induced excitation did not significantly influence the 
trehalose or glucose titers. The quantity of glycogen in the thorax, however, dropped
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(p<0.05, T test) from 262.8±22.4 /xg (N=24) in the control group to a significantly 
lower weight 187.2±13.5 fxg (N—24) in the shaken group.
Sugar titer 35 -r
lag/fil 30
F G T
-  Absconding 
N =12
F G T
- 1  hour later—  
N =12
Next day- 
N = l l
Fig. 5. The effect o f absconding behavior on hemolymph sugar levels. Absconding bees 
were tested during the act o f  absconding (at noon), one hour later and on the following 
day. The error bars represent ±SEM. Different letters indicate significant differences 
between means. F - fructose, G - glucose, T - trehalose.
DISCUSSION
The reason for lower trehalose titers in dancers compared to followers and 
resting bees would most likely be due to the energy demands o f foraging flight. During 
absconding, the extremely agitated behavior within the hive, followed by long periods 
o f hovering flights in front o f  the hive, reduced trehalose titers to much lower levels 
than in control bees. The greatly decreased trehalose titers in absconding bees is
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Fig. 6. A steep slope o f the regression line (slope = 5.942+/-1.631, R.MJ.570, p=0.004, 
N=12) was observed when trehalose titer was compared to fructose titer in bees resting 
in a swarm one hour after absconding.
consistent with the hypothesis that it is an essential energy source for maintaining 
actual flight. We postulate that the reason why absconding bees and swarming bees 
come to rest in the immediate vicinity of the hive is because the bees require at least an 
hour to regenerate trehalose titers from freshly synthesized trehalose in the fat body. A 
similar quick recovery o f sugar titers was found in laboratory experiments (Gmeinbauer 
and Crailsheim 1993), where newly synthesized trehalose was detected in the 
hemolymph within minutes after feeding bees whose trehalose titer was depleted by 
flight on a flight mill. The uptake o f glucose and fructose from the intestine into the
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hemolymph (Crailsheim 1988b) and the release o f honeybee hypertrehalosemic 
hormone (Woodring ct al. 1993) Woodnng ct al. 1994) was probably the mechanism 
mediating the rapid recovery o f blood trehalose levels after absconding.
The lack o f change in trehalose titers in bees shaken in a small cage was 
probably because an external stimulus was not as effective as a neurally (behaviorally) 
induced maximum activity (running about on the comb), and thus the shaken bees did 
not consume energy fast enough to deplete their trehalose titers. The shaken bees were 
excited, but not excited enough to run about in the cage as was observed in the 
absconding bees. The shaking, however, did decrease glycogen reserves in the flight 
muscles, which indicates that demands for energy could be provided by the glycogen 
reserves when the energy demands were not excessive. In the absconding bees, the 
energy demands apparently were so high that reserves could not be mobilized fast 
enough and thus the hemolymph trehalose titer was greatly reduced.
The higher glucose titers in dancers and followers compared to resting bees was 
probably due to more nectar and honey present in the crop. It is known that mature 
bees can maintain high glucose and fructose titers using sugar from the honey stomach 
(Brandstetter et al. 1988), and the uptake o f glucose into the hemolymph is driven by 
the differences in sugar concentration between the midgut and the hemolymph 
(Gmeinbauer and Crailsheim 1993). The lower glucose titers o f resting bees could be a 
result from the action o f trehalose synthetase, which would increase the level of 
trehalose (Bounias 1981).
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Higher hemolymph fructose titers were observed (a) in bees during absconding 
than one hour later, (b) in bees shaker, in a cage compared to non-shaken control bees, 
and (c) in dancers and followers compared to resting bees. The common factor was 
that bees were excited and/or more active, and the resulting response was to fill the 
crop with food (containing fructose).
The positive correlation o f trehalose titer to fructose titer observed in certain 
groups o f bees after increased activity, such as absconding or foraging, may be due to 
stimulated trehalose synthesis in the fat body. In vertebrates, it is known that ingestion 
o f fructose increased phosphorylation o f glucose in the liver (Lehninger et al. 1993). 
Fructose is phosphorylated to fructose-1-phosphate, which competes with ftuctose-6- 
phosphate (isomer o f glucose-6-phosphate) in binding with the regulator protein for 
glucokinase (van Schaftingen 1994). When this regulator protein is bound to fructose-6 
phosphate, it inhibits glucokinase. When fructose-1-phosphate competes with fructose-
6-phosphate for binding to the regulator protein, the complex of the regulator protein 
and fructose-1 -phosphate cannot inhibit glucokinase and therefore more glucose is 
phosphorylated and available for synthesis o f glycogen (van Schaftingen 1994). A 
similar pathway is present in insects for the formation o f trehalose, and therefore 
increased fructose could stimulate trehalose synthesis in the fat body.
Because stores o f honey or pollen would be reduced during rainy periods, the 
motivation of resting bees to initiate foraging behavior would be expected to be higher 
after several rainy days than after several clear days. Likewise, the motivation for
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foraging is likely higher during the spring-summer reproductive season, with expanding 
populations, than during the fall when bees would have sufficient stores and are 
preparing for overwintering. I suggest that elevated motivation for foraging behavior is 
a possible basis for the observed differences in sugar titers following rainy days or in 
the spring. However, such effects o f climatic changes and o f the season on the 
hemolymph sugar metabolism need further investigation.
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CHAPTER 2
VARIATION OF JH SYNTHESIS RATE IN MATURE 
HONEYBEES AND POSSIBLE REPROGRAMMING OF 
HYPOPHARYNGEAL GLAND FUNCTION
INTRODUCTION
As adult bees mature they begin to express foraging behavior, there are 
physiological changes within the body, such as reduced activity o f wax glands and 
altered function o f the hypopharyngeal glands (Winston 1987). The rate o f 
a-glucosidase secretion in mature bees increases with age (Simpson et al. 1968; 
Takenaka et al. 1990), but the size of the gland vesicles decreases with age (Huang et 
al. 1994).
The JH titer gradually increases with age in adult workers, reaching a peak in 
mature bees shortly after foraging begins (Huang et al. 1991). It has been suggested 
that the increase in JH levels may induce a transition o f the hypopharyngeal gland from 
a feeding gland to a digestive enzyme-producing gland (Takenaka et al. 1990).
The purpose of this investigation was to relate the in vitro JH synthesis rate to 
the a-glucosidase activity in the hypopharyngeal glands o f mature bees and to compare 
the pattern between activity groups of mature bees: dancers, followers and resting bees.
METHODS
Bees were kept in a two-frame observation hive placed in a laboratory with a 
constant temperature of 24°C. Bees could leave and reenter the hive through a tube 
connected to the outside. The bees were directed to one side o f the observation hive
19
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where a 20*20 cm sampling window provided access to the comb. Newly emerged 
bees were marked at least three weeks before the beginning o f an experiments using 
different color codes for each day. Bees were collected with an aspirator directly from 
the comb surface. They were briefly narcotized with C 0 2) and the head was removed 
and placed in saline. The corpus cardiacum-corpus allatum complex (CC-CA) was 
dissected as a unit and placed in tissue culture medium TC 199 (Sigma). Usually both 
hypopharyngeal glands were dissected, so that one side was used for the measurement 
of globule size (fixed in 5% glutaraldehyde and examined under a microscope) and the 
other side for determination o f a-glucosidase activity.
A comparison of in vitro measurements o f JH synthesis rates in honeybees with 
measured JH titers in the hemolymph showed that the in vitro results are a good 
estimate o f JH titers in the hemolymph (Huang et al. 1991). The in vitro JH synthesis 
rate in this study was measured according to the method o f Feyereisen and Tobe 
(1981) as modified for crickets (Koch and Hoffmann 1985). One CC-CA complex was 
incubated for 90 min in 20 jA medium TC 199 (with Hanks’ salts and sodium 
bicarbonate, without L-glutamine, buffered with 20 mM Hepes (pH 6.9-7.0), fortified 
with 1% FicoII 400, the medium was sterilized by suction through a 0.2 (xm filter) 
containing (methyl-14C)methionine at a specific activity of 52mCi/mM. The JH was 
extracted by phase separation with 50 pd 1% EDTA and 200/A chloroform. The 
chloroform fraction was evaporated dry, the JH was dissolved with ether and applied to
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a TLC plate. The labeled, newly synthesized JH was visualized with added cold JH 
standard, and scraped from the plates into scintillation fluid.
The method for the determination o f a-glucosidase activity was a modification 
o f that o f Takenaka et al. (1990). The feeding gland was homogenized in 50 fx 1 
phosphate buffer (pH=6.8), to which 50 A  o f 1M sucrose (in buffer) was added, and 
incubated at 35°C for 30 min. After incubation the mixture was diluted with 400 (A ice- 
cold phosphate buffer, vortexed and 10 A  was added to 90 A  o f HPLC running buffer. 
Sugars were separated on a Hewlett-Packard NH2-normaI phase column (at constant 
temperature), running isocratically, using a running buffer o f 80% acetonitrile and 20% 
water at a flow rate o f  I ml/min, and detected with a Hewlett-Packard refractive index 
detector.
All data were analyzed with SAS software (SAS Institute Inc. 1988b). Group 
comparisons were made with a Student’s T test, and in most cases logarithmic 
transformation o f data was required. A x2 test was used for comparison o f JH synthesis 
distributions. Differences between activity groups were tested using one way analysis 
o f variance with LSD grouping. Analysis of covariance and regression models were 
used to describe a-glucosidase activity.
RESULTS
The relation of JH  synthesis rate to age and season
Four-week-old foragers had a higher variation (F test on logarithmic 
transformed data, F p=0.039, N=12 for each group) o f JH synthesis rate than did
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3-week-old foragers sampled on the same days. The estimated 95% range for older
bees was 2.01 to 14.88 pmoi/h, but for younger bees it was 6.65 to 14.70 pmol/li. The
JH synthesis rate did not vary with the season in followers, but dancers had a higher (T
test on log transformed data, F=6.81, p=0.002; t=2.86, p=0.010) JH synthesis rate in
the fall (7.64±0.84 pmol/h, N=12) than in the spring (4.77±1.16 pmol/h, N=16).
The relation of JH synthesis rate to the activity of mature bees and the 
time of day
Resting bees (3 to 4 weeks old) had a significantly higher (Student’s T test on 
log transformed data, p=0.045) rate o f JH synthesis during the day (6.54±1.01 pmol/h, 
N=24) than during the evening (4.24±0.80, N=24) (Fig. 7). In the spring, followers 
tended to have a higher rate (p=0.056, Student’s T test on logarithmic transformed 
data) of JH synthesis during the day (7.02±1.05 pmol/h, N=16) than dancers 
(4.77±1.16 pmol/h, N=16) (Fig. 8).
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Fig. 7. Frequency distributions of in vitro JH synthesis rates in 3 to 4 week old resting 
bees tested in the spring. During the day (open bars) only 3 bees out o f 24 had a 
synthesis rate less than 2 pmol/h, but early in the evening (hatched bars) 10 bees out of 
24 had a rate less than 2 pmol/h. The difference in frequency distribution is significant 
(X2 = 5.169, p=0.023)
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Fig. 8. Frequency distributions o f in vitro JH synthesis rates measured in the spring. A 
lower synthesis rate was observed in dancers (striped bars) than in followers (hatched 
bars). Out o f 16 bees in both groups, 10 dancers and only 4 followers had a lower 
synthesis rate than 4 pmol/h. This difference in frequency distribution is significant 
(X ^  4.571, p=0.033).
Relation of hypopharyngeal gland activity to age, time and globule size
The hypopharyngeal gland a-glucosidase activity o f resting bees was lower 
(LSD test on logarithmic transformed data, p<0.05) than that of dancers or followers 
(Fig. 9). The a-glucosidase activity o f dancers and followers was higher (Student’s T 
test, p=0.014) in the spring (45.5±4.0 /^mol sucrose/h, N=46) than in the fall (31.3±3.9, 
N=23). The a-glucosidase increased as the globule size decreased (p=0.006), increased 
(p=0.005) with the age o f bee, and decreased during the day (p=0.002). The regression 
model showing the relation (R*= 0.478, p<0.001) o f  all three factors is:
a-glucosidase activity Cumol/h) = (199.1±53.8)+ (2.02±0.68) * age [day] - 
- (8.47±2.56) * time [h in 24 h day)] - (1.39±0.48) x globule size [/um].
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The globules in the hypopharyngeal glands were largest in resting bees and smallest in 
dancers (Fig. 10).
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Fig. 9. The mean a-glucosidase activity differs significantly (different letters, 5% LSD 
groupings) among resting bees, followers and dancers. The differences were tested on 
logarithmic transformed data. Different letters above the bars indicate a significant 
difference (5% LSD grouping). The error bars represent ± SEM for N number o f bees.
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Figure 10. The average size o f the globules of the hypopharyngeal glands differs 
significantly (different letters, 5%LSD) between resting bees, followers and dancers. 
The error bars represent ± SEM. 13 resting bees, 14 followers and 13 dancers were 
sampled. N - number o f globules.
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The hypopharyngeal gland showed a full range o f a-glucosidase activity when 
the in vitro JH biosynthesis was low, but the activity was more likely to be liigher 
during times o f higher rates o f JH synthesis (Person correlation coefficient = 0.320, 
p=0.012). An equation expressing this relationship is:
a-glucosidase activity = (1.83±0.71) * JH synthesis rate + 29.39±4.85
(R M U O , p= 0 .012).
DISCUSSION
The higher JH synthesis in followers than in dancers (foragers) supports the 
hypothesis that increased JH synthesis may act as a factor motivating followers. 
According to this hypothesis, followers would respond to the intake o f fresh nectar into 
the hive by foragers and to the waggle dance o f the dancers with increased JH 
synthesis, that motivates the followers to initiate foraging. As bees become older, the in 
vitro JH synthesis rate increased and was the highest in 3-week-old forager bees 
(Robinson 1987a). I found that the followers actually had the highest JH in this age 
group. Elevated JH synthesis is clearly related to the initiation of foraging behavior 
(Huang et al. 1991). Recruited followers are as a rule younger than the dancers (Seely 
1983), but since the rate o f JH synthesis has not been determined beyond the time when 
the bees first become mature (Huang et al. 1991), there are no prior data comparing JH 
synthesis in followers and dancers.
The low temperatures in the fall and winter months in Ohio caused a decrease in 
JH synthesis rate in worker honeybees, and this effect o f temperature on the rate o f JH
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synthesis could be duplicated in the laboratory (Huang and Robinson 1995). In the 
current study, forager bees in Louisiana had a higher rate o f  in viU'o JH synthesis in the 
fall (Oct-Nov) than in the spring, perhaps due to the higher fall temperatures in 
Louisiana compared to Ohio.
Another possible reason for the higher rate o f JH synthesis o f dancers in the fall 
compared to the in spring is the decreased social stimulation (lower reproduction rate) 
and decreased nectar flow. These exogenous factors that motivate recruitment were 
reduced, and therefore JH had to be increased in order to motivate recruitment.
The higher a-glucosidase activity in the hypopharyngeal gland in dancers and 
followers (foragers) compared to resting bees was probably due to the fact that resting 
bees are temporarily not involved in food exchange. Dancers collect nectar outside the 
hive and deliver it to the hive bees (von Frisch 1965). Followers beg dancers and other 
bees for food samples (Bozic 1992) and transfer the food to younger bees in the hive. 
The food gathering and transfer probably induces an elevation o f a-glucosidase 
synthesis in the hypopharyngeal gland. The lower activity o f  a-glucosidase in 
hypopharyngeal gland in the fall compared to bees in the spring could be due to a 
reduced nectar flow in the fall and the resultant reduced sugar processing in the hive 
might suppress a-glucosidase synthesis.
The hypopharyngeal gland possibly becomes smaller in older bees, because the 
function has changed from royal jelly synthesis to a-glucosidase synthesis (Fluri et al. 
1982; Huang et al. 1991). The assumption is that a gland producing and temporarily
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storing royal jelly (Knecht and Kaatz 1990) would be larger than a gland producing and 
secreting a digestive enzyme.
It has been shown that increasing JH levels in honeybees leads to a 
reprogramming o f adult honeybee behavior from that o f  hive bees to mature foragers 
(Huang et al. 1991). That the rate o f JH synthesis was maximal during the time when 
the structure and function o f the hypopharyngeal gland changed, indicates a 
relationship between JH titer and the reprogramming o f the hypopharyngeal gland from 
the production o f royal jelly to the synthesis o f a-glucosidase.
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CHAPTER 3
LEVELS OF BIOGENIC AMINES IN THE BRAIN AND THEIR 
POSSIBLE EFFECTS ON FORAGER RECRUITMENT IN 
MATURE HONEYBEES
INTRODUCTION
There have been no studies on neural involvement in the motivation o f resting 
bees to start (for the first time) or restart (with previous experience) foraging. Our 
hypothesis is that resting bees have to be aroused from a resting state into foraging 
related activities in the hive. This arousal involves antennating (making antennal 
contacts) and food exchange with the foragers and following the dancers, and results in 
recruitment to undertake foraging activities outside the hive. This transition from 
resting bee to forager might be accompanied by changes in neurotransmitter levels and 
their metabolites in the brain. Brain levels of the principal biogenic amines dopamine 
(DA), octopamine (OA) and serotonin (5HT), have already been shown to modulate 
and integrate behavior and sensory perception in honeybees (Mercer 1987; Menzel et 
al. 1988; Bicker and Menzel 1989; Erber et al. 1993; Erber and Kloppenburg 1995; 
Kloppenburg and Erber 1995).
The purpose o f this study was to relate the levels o f  OA, DA, the DA precursor 
dihydroxyphenylalanine (DOPA), the DA metabolite N-P-alanyldopamine (NBAD) and 
5HT in the brain and DOPA, DA and NBAD in the hemolymph to the three distinct 
activities o f mature bees: resting bees, followers and dancers. The changes in the 
number o f dancers resulting from feeding DOPA to a colony was also examined to test
28
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the hypothesis that orally administered doses o f DOPA can reach the brain and
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METHODS
Biogenic amines titers in the brain and hemolymph
Bees were kept in a two-frame observation hive placed in a laboratory with a 
constant temperature o f 24°C. Bees could leave and reenter the hive through a tube 
connected to the outside. The bees were directed to one side o f the observation hive 
where a 20 *20 cm sampling window provided access to the comb. Newly emerged 
bees were marked at least three weeks before the beginning o f an experiments using 
different color codes for each day.
Resting bees, dancers and followers were examined at three time of the day: in 
the morning before the onset of foraging activities (before 7:00 A.M.), during foraging 
activities (10:00 A.M. to 2:00 P.M.) and in the evening after foraging ceased (after 
7:00 P.M.). Followers and dancers could only be collected during the day (10:00 A.M. 
to 2:00 P.M.). Usually, resting bees were sampled only in the morning. Each bee was 
captured with an aspirator directly from the comb surface and briefly narcotized with 
C 0 2. A 0.5 iA sample o f hemolymph was collected from the thorax and placed in 50 /A 
of HPLC running buffer (see below). Immediately after taking the hemolymph sample, 
the head was removed and the brain was dissected, placed in 50 [A o f HPLC running 
buffer (see below) and sonicated. Samples were stored at -70°C until analyzed.
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Biogenic amines were separated on a Hewlett-Packard C-18 reverse-phase 
column at a flow rate of* 1 ml/mm and detected with a ESA 2-channel electrochemical 
detector. After thawing, samples were centrifuged at 20,000 g and the supernatant was 
used. The HPLC running buffer consisted o f 72% water, 20% acetonitrile, 8% formic 
acid, 3.35 g/1 monochloroacetic acid, 6.0g NaH2P 0 4(H20 )2 and 0.5 g/1 SDS (pH=4). 
The system was calibrated with standards containing DOPA, DA, NBAD, OA and 5HT 
in running buffer, and data were collected and analyzed with the Shimadzu EZChrome 
software.
SAS software was used for all statistical procedures (SAS Institute Inc. 1988b). 
Differences between observed groups were tested using analysis o f  variance with 
general linear models and least square difference (LSD) grouping. Student’s T-test 
were used to compare only two groups of data. Pearson correlation and linear 
regression were used to test statistical interactions between two or more variables. The 
probability o f 0.05 was used as significant level for all tests.
Feeding experiment with DOPA
Two observation hives were placed two meters apart in an experimental field 
close to the Department o f Biology, University of Ljubljana (Slovenia). All frames 
originated from one hive, and each new hive received two frames, half o f  each frame 
contained brood, and each were given a queen. Foraging bees were directed to one side 
o f the hive in order that all dance activity could be observed. A small 20 ml PVC feeder 
(15 cm long) was mounted at the bottom. The colonies were observed and/or fed every
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
3-4 days, each day referred to here as a test day, and there were a total o f  6 test days
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In a preliminary experiment, groups o f 150-200 bees were fed with 5ml o f 
DOPA (0, 5, 10, 50, 100 mM). The highest level o f locomotor activity occurred with 
50 mM DOPA in a 1 M sucrose solution containing 1 g/1 o f  ascorbic acid (an 
antioxidant), at which concentration no mortality was observed. At 100 mM DOPA 
some mortality was observed. During the experiment the bees were fed 50 mM DOPA 
via a feeder inside the hive at 7:30 A.M. on test days I through 4. A sugar solution 
without DOPA was given to the control hive. On test day I hive number 1 was the test 
hive and hive 2 was the control, then on test day 2 (3-4 days later) hive number 1 
became the control and hive 2 the test hive. The number o f the dancers and exiting 
foragers were recorded one hour after feeding. The frequencies (/) o f  dancers and exit 
flights were compared between two days (f, or / , ) .  If the DOPA treatment had an 
effect, then the ratio between DOPA ( f ,) and control (fcl) on test day 1 should be 
greater then the ratio between control (fc2) and test (ft2) treatment on test day 2:
f f  f  * f
—  > —  (a) , which is equal to: '2 >  j /m
f “  f a U L
Statistically, the left side o f equation (/>) represents the odds ratio (0 )  in favor o f  the 
DOPA treatment (Agresti 1990). For example, the odds ratio in the number o f dancers 
for DOPA treatment for the first two test days was:
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Odds ratios and 95% confidence limits were calculated using a SAS/BASE/FREQ 
procedure (SAS Institute Inc. 1988a). The frequency o f dancing was compared with 
the frequency o f flight exits on the same test day. Associations were tested with a chi 
square (x2) test.
RESULTS
Diel variation of biogenic amines
Resting bees had higher brain-5HT levels in the evening after foraging had 
ceased than during the day or in the morning (Fig. 11). Higher DOPA titers (p<0.05) in 
the hemolymph were observed in resting bees sampled in the morning compared to 
followers or dancers sampled during the day (Fig. 12). There were no significant diel 
variations in OA, DA or NBAD in the brain or hemolymph.
Effects of weather on brain levels and hemolymph titers of biogenic
amines
The brain levels o f 5HT, DA and OA were all lower on the first day after a 
rainy period than on the second day. The average 5HT level o f all sampled bees on the 
first clear day after several rainy days was 0.96±0.10 pmol/brain (N=24), which was 
only 40% of the level on the next day (2.4l±0.23 pmol/brain, N=24) (Student’s T test, 
p<0.001). The OA level was also lower (Student’s T test, p<0.001) on the first day 
(0 .169±0.065 pmol/brain, N=24) than on the next day (0.634±0.098 pmol/brain,
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N=24). Likewise, lower (LSD test, p<0.05) DA levels were observed on the first day 
after several rainy days (7.62± 1.38 pmol/brain, N=8) than on the second day 
(11.87±2.57, N=8).
5HT 3.0
Cpmon brainy 2.5 
2.0
1.5 
1.0 
0.5 
0.0
t a
wmm
t  a
/ / / / / ,
morning day evening
Fig. 11. The 5HT levels in the brain o f resting bees were sampled during the day (10:00 
A.M. to 2:00 P.M.) when foraging was occurring or in the morning (before 7:00 A.M.) 
or evening (after 7:00 P.M.) when no foraging occurred. Different letters represent 
statistically different means (LSD test) (R^O.59, p<0.001). Bars represent ± SEM. 16 
bees were tested at each sampling time.
In contrast, on the first day following a period of rainy days, the average 
hemolymph DOPA titer was 17.05±6.75 pmoI/£d (N=9) and it slightly increased (not 
statistically different) to 21.65±5.38 pmoI/£d (N=I8) on the next day, but dropped on 
the fourth day o f the experiment to a significantly lower mean value o f 8.46 ±1.50 
pmol//il (p= 0.021, N=18).
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Fig. 12. DOPA concentration in the hemolymph was highest in fall resting bees in the 
morning before any foraging activity began. Different letters above the bars indicate 
statistically different means (LSD test) (R^O.21, p=0.047). Bars represent ± SEM. 
R-resting bees (N=15), F - followers (N=18), D - dancers (N=18).
Seasonal variation of brain  levels and hemolymph titers of biogenic amines
Generally, there were higher brain levels of biogenic amines in the fall (Figs. 12, 
14) than in the spring (Figs. 11, 13). However, brain NBAD was higher in the spring 
(Fig. 13B) than in the fall (Fig. 14B). In spring, the average concentration of 
hemolymph DA was 14.98±1.46 (N=78) and hemolymph NBAD was 35.79±3.11
//M, whereas in the fall DA was 9.51±0.77 fjM (N=51) and NBAD was 27.00±2.02 
ji/M (N=51).
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Fig. 13. In the spring the lowest DA and NBAD concentrations in the brain were in 
followers (F). Different letters above the bars indicate statistically different means (LSD 
test). In the case o f DA differences were observed only when correlated with NBAD 
(R^O.50, p<0.001). For NBAD the differences were significant (R^O.56, p<0.001) 
without correlation to DA. Bars represent SEM. 16 bees were tested at each sampling 
group. D - dancers, R - resting bees.
DA, OA, 5HT and NBAD levels in the brain in relation to behavior
When we take into account the positive correlation o f DA to NBAD level in the 
brain, significantly higher (LSD test, p<0.05) DA levels were observed in dancers than 
in followers in both the spring and fall (Fig. 13a and 14a). Likewise, NBAD levels in 
brain were higher (LSD test, p<0.05) in dancers than in followers (Fig. 13b, Fig. 14b). 
OA and 5HT levels in brain were higher (LSD test, p<0.05) in dancers than in 
followers and also higher (LSD test, p<0.05) than in resting bees before the onset of 
foraging activities (Fig. 14c, d). In this experiment (Fig. 14), 5HT correlated 
statistically with DA levels in the brain (Pearson correlation coefficient = 0.74,
p<0.001).
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Fig. 14. In the fall dancers (D, N=20) had higher levels o f OA (R^O.47, p<0.001), DA 
(RM ).91, p<0.001), NBAD (R^O.26, p=0.006) and 5HT (R—0.50, p<0.001) in the 
brain than followers (F, N=20). DA level was statistically dependent also on 5HT level 
(p<0.00l). Different letters over the bars indicate statistically different means (LSD 
test). R - resting bees were sampled before onset o f foraging (N=19). Bars represent 
SEM.
Effect of DOPA feeding on recruitm ent behavior
When the test food was applied in a small feeder inside o f the hive, the feeding 
o f 50 mM DOPA in a sucrose solution significantly increased p<0.001) the
rate o f dancing in the test hive relative to the control hive (Table 1, Fig. 15). 
Application of the drug did not have a consistent effect on the number o f  bees exiting 
the hive (Table 1).
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TABLE 1. The number o f dancers and exits observed in experimental hives treated 
with 50 mM DOPA (*) that was added in a 1 M sucrose solution containing lg/1 
ascorbic acid. 15 ml o f the test solution and control solution without the drug were 
applied by means o f a feeder within the hive. Exits were not recorded on the first day. 
On day 1 hive 1 was the test hive and hive 2 the control, on day 2 hive 1 was the 
control and hive 2 the test hive. Experimental days were 3-4 days apart.
Day 1 2 3 4
Hive 1 Dancers 544* 281 330* 257
Exits — 773 1082* 1601
Hive 2 Dancers 411 262* 176 281*
Exits — 479* 608 1063*
O d d s  ra tio  fo r  *
D O P A  tre a tm e n t
2 
1
0 J I I l I
1 2  3 4
e x p e r im e n ta l d a y
Fig. 15. Effect o f 50 mM DOPA on the number of dancers in the test hive relative to 
the control hive (no DOPA in food) when food was delivered in a feeder to the bees. 
The test hive was compared to the control hive on the same day and also to the 
previous day. Odds ratio in a favor o f  DOPA treatment (see Methods) with 95% 
confidence bounds are shown for each pare of two consecutive experimental days. 
Effect o f the DOPA treatment cannot be excluded if odds ratio was greater than 1. 
Frequencies are reported in Table 1.
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DISCUSSION
O f the three biogenic amines measured in the brain, only DA could consistently 
be related to the recruitment behavior. The highest DA brain levels occurring in the 
dancers might be related to the regulation o f sensory information and processing o f 
motor activity during foraging. Based on studies o f olfactory learning (Menzel et al. 
1988), DA was considered unlikely as a modulatory substance, but DA may instead be 
a transmitter which is involved in integrative processes at the sensory and motor 
command level.
In the current study, brain DA was always higher than 5HT and OA levels in 
foraging (dancers) bees, confirming previous studies (Harris and Woodring 1992, 1995; 
Taylor et al. 1992). Further supportive evidence o f the importance o f DA in behavior 
regulation is that twice as many immunologically identified DA binding sites occurred 
in the honeybee brain than did 5HT sites (Blenau et al. 1995). In other insects, such as 
the cabbage looper (Trichoplusia ni), DA occurred at lower levels in the brain than did 
OA or 5HT (Linn and Roelofs 1993).
The higher 5HT and OA brain levels found in dancers than followers in the fall 
experiment we believe might be explained by the CNS processing o f visual and 
olfactory information, that would be modulated by OA and 5HT. There is evidence for 
this suggestion, in that OA generally has stimulatory effects or reinforcing effects on 
CNS-directed activity (Mercer 1987; Menzel et al. 1988; Bicker and Menzel 1989;
Erber and Kloppenburg 1995). OA is the neurotransmitter of ventral unpaired median
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(VUM mxl) neurons, that are involved in the perception o f sucrose (taste) and the 
transmission o f this information across the brain leading to increased CNS activity 
(Bicker 1993; Kreissl et al. 1994). Such octopaminergic activity, based on 
immunolocaiization studies, involves small numbers o f individual neurons and these 
changes would probably not be detectable in whole brain OA levels.
Though brain 5HT levels showed some variation during the day, the OA, DA 
and NBAD levels did not correlate with the daily oscillations of honey bee activity. The 
elevated DOPA in the hemolymph in the morning might be related to increased DA 
activity in the CNS at the start of the day. The higher brain 5HT levels o f  resting bees 
in the evening may be related to fewer motor activities o f foraging bees at this time.
This possibility is suggested by studies, that indicate an inhibitory action o f 5HT in 
different behavior functions, such as learning capacity and motor activity (Lopatina and 
Dolotovskaya 1984; Menzel et al. 1988; Bicker and Menzel 1989; Erber and 
Kloppenburg 1995).
On rainy days the foragers remain in the hive and are mostly inactive because 
they are no longer capable of performing certain hive duties such as feeding larvae. I 
did not test biogenic amine levels during the rainy weather, because I did not anticipate 
the decreased biogenic amine levels on the first clear day. Further work on the effects 
of rain-induced inactivity on biogenic amine levels in the brain are required.
The higher brain levels of biogenic amines in the fall, compared to the spring, 
may involve a response to shortening day length, cooler temperature or changes in the
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type o f available food. These possible relationships have yet to be tested. Previous 
research in cur lab (Harris and Wccdring 1992) suggested that higher biogenic amine 
levels are related to summer foraging activity. However, more important then the 
average differences o f  amines between seasons might be the changes o f the biogenic 
amines and their metabolites, that could be an indicator o f specific enzyme activity. For 
example, the fall might be associated with a decreased activity o f  N-P-alanine 
transaminase, which would explain the much lower brain NBAD levels in the fall 
compared the levels in the spring. Future research on the aminergic system of 
honeybees would benefit from studies o f the precursors and metabolites to better 
describe changes in particular pathways (Linn et al. 1994). For example, 5HT has been 
shown to have an inhibitory effect on the rate o f dance signals and the appearance of 
the dance communication (Lopatina and Dolotovskaya 1984). However, a metabolite 
of tryptophan, kynurenine had the opposite effect (Lopatina and Chesnokova 1985). It 
is not clear if kynurenine is a neuromodulator or if it is also a neurotransmitter in the 
central nervous system.
The most likely reason that the feeding of DOPA to whole colonies increased 
dancing behavior was that the drug was taken up by potential recruits just prior to their 
first foraging flight, and DOPA then stimulated them to search for food outside the 
hive. Ingested DOPA passes quickly from the intestine into the hemolymph and is 
transported into the brain in less then 2 hours with a resultant increase o f brain DA 
levels (Harris and Woodring, unpublished observation). It is possible that the increased
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levels o f brain DA stimulates dancing behavior in foragers. The increased number o f 
dancers observed in this study might be a result o f  increased learning performance after 
the feeding o f DOPA. This possibility is supported by the findings that an increase in 
olfactory learning occurred 12 hours after feeding mature bees with DOPA (Menzel et 
al. 1988).
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CHAPTER 4
DOPAMINE METABOLISM IN RELATION TO THE ACTIVITY 
OF MATURE HONEYBEES AND TO HEMOLYMPH SUGAR
TITERS
INTRODUCTION
Biogenic amines levels in the brain are correlated with the activity groups o f 
mature bees, and part o f this correlation was that dopamine (DA) and N-P-alanyl 
dopamine (NBAD) were higher in dancers than in followers (Chapter 3). NBAD and 
N-acetyl dopamine (NAD A) are the two major metabolites o f DA in insects (Krueger 
et al. 1990). Both are used in tanning and sclerotization of cuticle (Hopkins et al. 1982; 
Czapla et al. 1990; Christensen et al. 1991; Sugumaran et al. 1992; Mueller et al.
1993). The cuticle o f honeybees continues to darken with age (Winston 1987). The 
source o f these two compounds include the central nervous system, the hemolymph and 
the ectoderm (Krueger et al. 1990). DA is synthesized from dihydroxy-phenylalanine 
(DOPA) using the enzyme DOPA- decarboxylase. DOPA can cross the blood brain 
barrier in mammals (McGeer et al. 1978) and in insects (Harris and Woodring, 
unpublished observation).
The purpose o f the current study was to determine the correlation o f DA 
metabolism to the activity o f mature bees (dancers, followers and resting bees) and the 
correlation o f DA metabolism to the sugar titers.
42
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METHODS
Bees were kept in a two-frame observation hive placed in a laboratory with a 
constant temperature o f 24°C. Bees could leave and reenter the hive through a tube 
connected to the outside. The bees were directed to one side o f the observation hive 
where a 20*20 cm sampling window provided access to the comb. Newly emerged 
bees were marked at least three weeks before the beginning of an experiments using 
different color codes for each day. Resting bees, dancers and followers were sampled at 
three time of the day: in the morning before the onset o f foraging activities (before 7:00 
A.M.), during foraging activities (10:00 A.M. to 2:00 P.M.) and in the evening after 
foraging ceased (after 7:00 P.M.). Followers and dancers could only be collected 
during the day (10:00 A.M. to 2:00 P.M.). Usually, resting bees were sampled only in 
the morning. Each bee was captured with an aspirator directly from the comb surface 
and briefly narcotized with C 0 2 . Two samples o f 0.5 iA o f  hemolymph were collected 
from the thorax, one sample was placed in 50 iA o f HPLC running buffer for biogenic 
amine analysis, and the other in 50 iA HPLC running buffer for sugar analysis. The 
brain was placed in 50 iA o f HPLC running buffer for biogenic amine analysis and 
sonicated. Samples were stored at -70°C until analyzed.
Biogenic amines were separated on a Hewlett-Packard C-18 reverse-phase 
column at a flow rate o f 1 ml/min and detected with a ESA 2-channel electrochemical 
detector. After thawing, samples were centrifuged at 20,000 g and the supernatant was 
used. The HPLC running buffer for biogenic amines consisted o f 72% water, 20%
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acetonitrile, 8% formic acid, 3.35g/l monochloroacetic acid, 6.0g/l NaH2P 0 4(H20 )2 and 
G.5g/1 SDS (pH -  4). The system was calibrated with DOPA, DA, NBAD, OA and 
5HT standards in running buffer.
Sugars were separated on a Hewlett-Packard NH2-normal phase column at a 
flow rate o f 1 ml/min and detected with a Hewlett-Packard refractive index detector.
The HPLC running buffer consisted o f 80% acetyl nitrile and 20% water. The system 
was calibrated each day with standards containing 10 /ug each o f fructose, glucose and 
trehalose.
The comparisons of brain or hemolymph NBAD levels to brain or hemolymph 
DA were made using a linear regression model o f  statistical dependance o f NBAD level 
on DA level, defined as: NBAD = a+ P (DA), where a  is the NBAD intercept and /?is 
the estimated slope o f NBAD.
Chromatographic data were collected and analyzed with the Shimadzu 
EZChrome software. SAS software was utilized for all statistical procedures (SAS 
Institute Inc. 1988b). Differences between observed groups were tested using analysis 
o f variance with least square difference (LSD) grouping. Student’s T-test were used to 
compare only two groups of data. Pearson correlation and linear regression were used 
to test statistical interactions between two or more variables. The probability o f 0.05 
was used as significant level for all tests. Data are reported as means and standard error 
o f the means (SEM).
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RESULTS
Seasonal effects of DA and NBAD ieveis in m ature bees
Levels o f DA and NBAD in the brain and the hemolymph were compared in the 
spring and in the fall. The slope (/?) in the brain was 3.3 times higher in the spring than 
in the fall, and the hemolymph /? was 1.6 times higher in the spring than in the fall 
(Table 2). Only the spring data are presented in graphical form (Fig. 16), but all data 
are presented in Table 2.
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Fig. 16. Scatter plots and regression lines of the statistical dependence o f NBAD on 
DA levels in the hemolymph (a) and in the brains (b) o f resting bees, followers and 
dancers during the day in the spring. NBAD level was not significantly dependent on 
DA in the brains o f followers. Two outliers in followers and one in dancers and resting 
bees (plot a) were not used in calculations. 16 bees were sampled in each group.
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Table 2. NBAD level can be estimated from DA concentrations. Linear regression 
models were used to estimate NBAD levels from DA. In most o f cases a separate slope 
model for each behavior group explained the statistical dependence o f NBAD on DA 
level better than simple models without behavior included in the prediction. Non­
significant estimates are printed in italic font.
a) Spring experiment
Slope Intercept |juM]
Brain N R2 P /?± S E a ± SE
All bees 80 0.346 <0.001 0.547 ±0.083 7.468 ± 0.821
Sampling Separate slope
during model 48 0.443 <0.001
foraging Resting bees * 16 0.477 0.003 0.607 ±0.170 8.018 ± 1.633
activity Followers 16 0.016 0.646 0.125 ±0.267 9.723 ± 1.934
Dancers 16 0.386 0.010 0.655 ±0.221 8.038 ± 2.509
Resting bees Separate slope
sampled at model 48 0.423 <0.001
different Morning 16 0.341 0.018 0.457 ±0.170 7.441 ± 1.966
time o f day Day * 16 0.477 0.003 0.607 ±0.170 8.018 ± 1.633
Evening 16 0.454 0.004 0.488 ±0.143 6.702 ± 1.235
Slope Intercept [/^M]
Hemolymph N R2 P /?± S E cl ± SE
All bees ** 76 0.426 <0.001 1.407 ±0.190 13.857 ±3.399
Sampling Separate
during slope model 44 0.529 <0.001
foraging Resting bees * 15 0.247 0.059 1.430 ±0.692 16.757 ±10.338
activity Followers 14 0.455 0.008 1.170 ±0.370 12.867 ± -6 .904
Dancers 15 0.664 <0.001 1.804 ± 0356 4.789 ±8.717
Resting bees Separate
sampled at slope model 47 0.347 0.003
different Morning 16 0.531 0.001 1.065 ±0.268 14.288 ±4.741
time o f day Day * 15 0.247 0.059 1.430 ±0.692 16.757 ±10.338
Evening 16 0.320 0.022 2.385 ±0.929 10.448 ±10.581
(table con’d)
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b) Fall experiment
Brain N R2
Slope
P
Intercept [a*M] 
/?± S E a ±  SE
All bees 59 0.307 <0.001 0.167 ±0.033 0.240 ± 0.624
Separate slope model 59 0.379 <0.001
Resting bees (moming) 19 0.376 0.005 0.161 ±0.050 0.744 ± 1.038
Followers 20 0.316 0.010 0.231 ±0.080 -1.248 ± 1.303
Dancers 20 0.068 0.268 0.079 ± 0.069 1.989 ± 1.329
Hemolymph
All bees 51 0.118 0.014 0.904 ±0.353 18.397 ±3.865
Separate slope model 51 0.184 0.093
Resting bees (moming) 15 0.451 0.006 1.636 ±0.500 9.593 ± 5.988
Followers 18 0.004 0.815 0.176 ±0.740 22.275 ± 7.025
Dancers 18 0.121 0.157 0.870 ± 0.587 21.453 ± 6.692
* The values given for resting bees sampled during foraging activity are the same as for 
the resting bees sampled during the day, because it is the same group o f  bees.
**Three outliers were not used in calculations. They were also out o f the range shown 
on Fig. la.
Regardless o f the season, the slope was always higher in the hemolymph than in 
the brain (Fig. 16, Table 2). In the spring, the slope in the hemolymph was 2.1 times 
higher than in the brain, but in the fall the difference was even greater, 5.3 times higher 
than in the brain.
The volume o f the honeybee brain was estimated to be 0.32 iA (Withers et all.
1993). Based on the levels o f NBAD in the brain and the hemolymph, the average 
spring concentration o f NBAD was estimated in the brain to be 4.0 /^M and in the 
hemolymph 35.8 /j.M. In the fall, the concentration gradient was even higher, when 1.2 
NBAD was found in the brain and 27.0 in the hemolymph.
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The estimated brain NBAD intercept (a) in the regression model was correlated
to the season. In the spring, ct was 7.46Si0.821 pmol/bram, but in the fall it w*as not
significantly different from zero. The hemolymph a  was essentially the same in both the
spring and in the fall, 14-18 //M  (Table 2).
NBAD relation to DA in different activity groups
A better fitting linear regression (R2) o f the NBAD level in the brain was
obtained when the activity o f mature bees was taken in account ( R 2 = 0.443) than
when not taken into account (R2 = 0.346) (Table 2). In the spring, the highest P (2.385)
was observed in the hemolymph of resting bees sampled in the evening (Table 2). In the
brain, dancers and resting bees had a higher P (Table 2, Fig. 16) than followers. The
NBAD level cannot be estimated from DA level in the brains o f followers sampled in
the spring (Fig. 16, Table 2a) or the dancers sampled in the fall (Table 2b) because the
estimates o f the regression were not significant (p > 0.05).
Correlation of DA metabolism in the hemolymph to the metabolism in the 
brain.
There was no statistical relation of hemolymph DA and DOPA titers in the 
hemolymph, however, there was a relation o f brain DA levels to hemolymph DA titers 
(p = 0.040) and hemolymph DOPA titers (p = 0.006) described with the model:
DAbra[N = 13.86 ± 1.61 + (0.12 ± 0.04) x DOPAj^ ql^ ^ h +
+ (0.29 ± 0.04) x DAiiemolymph (R2 = 0.23, p = 0.003, N = 48). 
Hemolymph NBAD titer was statistically related to brain NBAD level 
(p = 0.007). For example, if the NBAD level in the brain increased by 10 pmol/brain,
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then the hemolymph concentration would increase by an amount o f 14.8 to 30.8 
pmoL'/ui. Such an increase could more then double the hemolymph NBAD 
concentration. An increased NBAD titer in the hemolymph was also related to a 
decrease in the trehalose titer (p = 0.028). The statistical relation o f hemolymph NBAD 
to brain NBAD and hemolymph trehalose was described with the regression model:
NB AD h e m o ly m p h  = 32.45 ± 6.84 + (2.28 ± 0.80) x NBADbrain - 
- (0.37 ± 0.16) x Trehalose 
(R2 = 0.22, p = 0.003, N = 51).
Likewise, glucose titer was correlated with DA metabolism. The glucose titer in 
resting bee sampled before any foraging activity correlated negatively to the brain 
NBAD level (Person’s correlation coefficient r = -0.536, p = 0.015), and glucose titer 
in the dancers correlated negatively to the brain DA level (r = -0.494, p = 0.023).
DISCUSSION
A significant statistical relation of NBAD levels to DA would be expected in 
any insect, because DA is the substrate for NBAD synthesis (Takeda et al. 1991,
Weber et al. 1992). The regression slope (/?) o f NBAD is most likely to be directly 
related to the activity of /?-alanine transaminase, though other factors may be involved 
such as transport o f NBAD out o f the brain. If the transaminase had a strong effect on 
the /?, it would suggest that during the day dancers had the highest rate o f  enzyme 
activity in the brain.
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A transporter for NBAD from the brain to the hemolymph was proposed by 
Krueger ct al. (1990), and any transport o f NBAD into the hemolymph would increase 
the NBAD/DA regression slope. Changes in DA metabolism or NBAD transport could 
explain the differences o f slopes in the fall and spring. When the brain NBAD level was 
low (the fall experiment) then this transport mechanism could be transporting most o f 
the newly synthesized NBAD into the hemolymph (low /?), but when the NBAD level 
was high in the brain (the spring experiment), the transport mechanism could be 
transporting more NBAD, but it might not be able to transport all o f the newly 
synthesized NBAD. This would lead to higher brain NBAD and a higher slope in the 
regression of NBAD/DA in the hemolymph.
During the day, NBAD brain levels were highest in dancers, and at this time it 
would be expected that more NBAD would be transported into the hemolymph. This 
would result in a greater increase o f NBAD relative to the DA present in the 
hemolymph or a higher slope o f NBAD during the day, as was found in the current 
study (the spring experiment). The high hemolymph slope o f NBAD in the evening 
might be explained by continued transport o f NBAD from the brain to the hemolymph, 
and if the hemolymph DA titer decreased or remained the same then the P would still 
be high.
NBAD made in the brain is most likely exported into the hemolymph, because 
there is no known function, degradation, or storage of NBAD in the CNS. The 
concentration gradients o f NBAD however do not favor passive movement from the
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brain into the hemolymph. It has been suggested that glial cells are involved in transport 
o f metabolites out o f the nervous system (Strausfeld 1976). NBAD is more 
concentrated in the hemolymph, suggesting that in honeybees there must be an effective 
active transport of NBAD from the brain into the hemolymph.
DA cannot cross the vertebrate blood brain barrier (McGeer et al. 1978), and 
there is evidence that the same is true in honeybees (Harris and Woodring, unpublished 
observation). On the other hand, the DA precursor, dihydroxyphenylalanine (DOPA), 
can cross the blood brain barrier in both vertebrates and insects. When DOPA was 
injected into honeybees or fed to honeybees, increased levels o f  DOPA and DA were 
observed in the brain (Harris and Woodring, unpublished observation). The significant 
correlation o f brain DA to hemolymph DOPA found in the current study is probably a 
consequence o f the movement o f DOPA from the hemolymph into the brain.
The negative correlation o f hemolymph glucose titer to brain DA levels of 
dancers means that dancers, which have the highest brain DA level, have the lowest 
glucose titer. A high brain DA might be associated with high energy demands by the 
brain or other tissues that directly use glucose. In honeybee CNS, glucose is directly 
taken up from the hemolymph by glial cells and made into alanine (Tsacopoulos et al.
1994). Glucose is also used by fat body to synthesize trehalose and glycogen, but all 
other insect tissues use trehalose from hemolymph as the primary source o f energy 
(Steel 1981; Strang 1981; Wheeler 1989). The decreased trehalose titers and increased
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brain NBAD levels observed in dancers (Chapter I and 3) resulted in elevated 
hemolymph NBAB titers and might be an indication o f previous foraging activity.
This study and others (Harris and Woodring, unpublished observation; Weber 
et al. 1992) support the hypotheses that: 1) DOPA from the hemolymph diffuses across 
the blood brain barrier and is used for DA synthesis in the brain, that: 2) DA is 
metabolized in the brain to NBAD and that: 3) NBAD is actively transported into the 
hemolymph and used for tanning and sclerotization o f the cuticle.
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CHAPTER 5 
RELATIONSHIPS OF BIOGENIC AMINE LEVELS IN THE 
UPPER AND LOWER PARTS OF THE BRAIN TO THE 
ACTIVITY GROUPS OF MATURE HONEYBEES
INTRODUCTION
It has been shown that foraging behavior is related to JH modulated 
development o f  mushroom bodies (Withers et al. 1995). Neurophysiological evidence 
also exists for the involvement o f mushroom bodies in learning related to feeding 
behavior and orientation (Menzel et al. 1994; Hammer and Menzel 1995). The purpose 
o f the current study was to compare DA, NBAD, OA and 5HT levels in the upper and 
lower parts o f the brain and to relate these levels to the activity groups o f mature bees: 
dancers, followers and resting bees. These data provide some information about the 
brain areas that may be involved in recruitment behavior in honeybees.
METHODS
Bees were kept in a two-frame observation hive placed in a laboratory with a 
constant temperature o f 24°C. Bees could leave and reenter the hive through a tube 
connected to the outside. The bees were directed to one side o f the observation hive 
where a 20*20 cm sampling window provided access to the comb. Newly emerged 
bees were marked at least three weeks before the beginning of an experiments using 
different color codes for each day. Three activity groups (resting bees, dancers and 
followers) were sampled during the day (10:00 A.M. to 2:00 P.M.). Each bee was 
captured with an aspirator directly from the comb surface, and briefly narcotized with
53
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C O ,. The head was removed and the brain was dissected in cold bee saline (0°C). The 
dissected superesophageal ganglion (brain) was placed on parafilm kept at (0°C). The 
optical lobes and ocelli were removed and discarded, and the remaining brain was cut 
horizontally just bellow the calyx o f the mushroom bodies producing an upper and 
lower half o f the brain. The two halves were placed in 50 of HPLC running buffer 
(see below), sonicated and stored at -70°C until analyzed.
Biogenic amine sample were thawed, centrifuged at 20,000 g and the 
supernatant used. The amines were separated on a Hewlett-Packard C-18 reverse- 
phase column at a flow rate of 1 ml/min and detected with a ESA 2-channel 
electrochemical detector. The running buffer consisted of 72% water, 20% acetonitrile, 
8% formic acid, 3.35g/l monochloroacetic acid, 6.0g/l NaH2P 0 4(H20 )2 and 0.5g/l SDS 
(pH = 4). The system was calibrated with DOPA, DA, NBAD, octopamine and 
serotonin standards in running buffer, and an internal standard o f DHBA was added to 
all samples and standards. Chromatographic data were collected and analyzed with the 
Shimadzu EZChrome software.
Comparisons of NBAD to DA content in studied brain parts were made using a 
linear regression model o f statistical dependance o f NBAD level on DA level, defined 
as: NBAD = a+  /?x DA, where oris the NBAD intercept and /? is the estimated 
slope o f the regression of NBAD.
SAS software was utilized for all statistical procedures (SAS Institute Inc. 
1988b). Differences between observed groups were tested using analysis o f variance
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with least square difference (LSD) grouping. Student’s T-test were used to compare 
only two groups o f data. Pearson correlation and linear regression were used to lest 
statistical interactions between two or more variables. The probability of 0.05 was used 
as significant level for all tests. Data are reported as means and standard error o f the 
means (SEM).
RESULTS
Analysis o f biogenic amines in the upper part o f the brain (including the calyces) 
and in the lower part o f the brain (including the alpha and beta lobes of the mushroom 
bodies) revealed an overall correlation o f the levels o f biogenic amines to the three 
activity groups o f mature bees (MANOVA test, Wilks lambda = 0.669, p=0.001,
DF=8). Dancers had an average of 4.06±0.35 pmol (N=8) o f OA in the upper part o f 
the brain which was significantly higher (LSD, p<0.05) than in followers (2.70±0.17 
pmol, N= 8) or resting bees (2.27±0.18, N= 8). Dancers had a larger amount (LSD test 
on logarithmic transformed data, p<0.05) o f NBAD in the upper part of the brain than 
did the followers (Fig. 17). Resting bees had the same amount o f NBAD in the upper 
part o f  the brain as followers.
The differences in NBAD levels in the different activity groups were correlated 
to the DA levels (Fig. 17). In both the upper and lower part o f the brain, there was a 
higher NBAD level in bees with higher DA level. In the upper part o f the brain, the 
largest regression slope (/?) was observed in the dancers compared to followers and 
resting bees (Fig. 17). There were always at least 20 pmol o f DA in the upper part o f
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the brain, whereas most o f the samples of the lower part o f  the brain had less than 20 
pmol (rig. 17, p<0.01).
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Fig. 17. Scatter plots and regression lines of the statistical dependence o f  NBAD on 
DA levels in the upper and lower parts of the brain of resting bees, followers and 
dancers sampled during the day in the spring. The regression lines are significant except 
in the upper part o f the brain o f resting bees. 8 bees were sampled in each activity 
group.
One month later, in the same spring, when there was a lower nectar flow, the 
total brain DA level was only 29.3% and the NBAD level was about 5.1% o f the
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former values (16.573±2.383 pmol/brain DA and 4.015±0.515 pmol/brain NBAD in 
the dancers, N=16). At this time there were no significant difference in the mean levels 
o f DA or NBAD between dancers and followers either in the upper and lower part o f 
the brain. The regression slope in the upper part o f the brain o f  dancers (0.187±0.033, 
p<0.001) was twice as high as in followers (0.092±0.022, p=0.022. In the lower part 
o f the brain a significant P  was observed only in dancers (J3 = 0 .136±0.042, p=0.002).
The statistical correlation coefficient in the upper part o f brain between DA to 
NBAD was high in dancers (0.934), lower in followers (0.711), and there was no 
correlation in resting bees (Table 3a). In the upper part o f the brain o f followers, the 
correlation of 5HT and NBAD was high. In the upper brain o f resting bees, there also 
was a significant correlation between OA and DA levels.
In the lower part o f  the brain of dancers there were no significant correlations 
between the amines measured (Table lb). In the lower brain o f followers only the 
NBAD levels were correlated to the DA and 5HT levels. In the lower brain o f  resting 
bees the biogenic amines were correlated with each other with the exception o f  OA and 
NBAD (Table 3b).
Followers had the largest number o f significant correlations between the 
biogenic amines o f the upper of the brain compared to the biogenic amines o f  the lower 
part of the brain. There was a significant correlation between DA in the upper and 
lower part o f the brain o f  followers (0.985), that was not found in dancers or resting 
bees. There was a significant correlation between the NBAD level in the lower part
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Table 3. Several significant positive correlation coefficients were found between 
biogenic amine levels within the upper part (a), within the lower part o f the brain (b), 
between the upper and lower part of the brain (c). Person correlation coefficient and 
probability (p) are reported.
a) Upper part o f the brain
Resting bees Followers Dancers
DA NBAD OA DA NBAD OA DA NBAD OA
NBAD 0.575 0.711 0.934
P 0.136 0.048 0.001
OA 0.749 0.226 0.312 0.019 0.390 0.391
P 0.032 0.591 0.452 0.964 0.340 0.338
5HT 0.624 0.633 0.586 0.664 0.913 -0.052 0.672 0.452 0.146
P 0.098 0.092 0.127 0.073 0.001 0.901 0.068 0.261 0.731
b) Lower part o f the brain
Resting bees Followers Dancers
DA NBAD OA DA NBAD OA DA NBAD OA
NBAD 0.881 0.732 0.604
P 0.004 0.039 0.113
OA 0.749 0.662 -0.375 -0.039 -0.001 0.099
P 0.032 0.074 0.361 0.928 0.998 0.816
5HT 0.785 0.850 0.893 0.496 0.876 0.357 0167 0.126 -0.374
P 0.021 0.008 0.003 0.211 0.004 0.385 0.692 0.767 0.362
c) Correlation between upper part of the brain (left labels: DA, NBAD, OA, 5HT) to 
the lower o f the brain (top labels)
Resting bees Followers Dancers
DA NBAD OA 5HT DA NBAD OA 5HT DA NBAD OA 5HT
DA 0.546 0.841 0.382 0.417 0.985 0.613 0.081 0.568 0.604 0.720 0.093 0.083
P 0.161 0.009 0.350 0.304 0.001 0.106 0.850 0.142 0.112 0.044 0.827 0.845
NBAD 0.422 0.956 0.161 0.596 0.730 0.952 -0.136 0.912 0.889 0.976 0.452 0.369
P 0.297 0.000 0.703 0.119 0.040 0.000 0.749 0.001 0.003 0.000 0.260 0.369
OA 0.114 0.503 0.392 0.384 -0.090 0.226 0.524 0.116 0.025 0.005 0.422 -0.193
P 0.788 0.204 0.337 0.348 0.832 0.590 0.182 0.785 0.954 0.991 0.298 0.647
5HT 0.283 0.724 0.383 0.684 0.644 0.950 -0.002 0.927 0.407 0.237 -0.503 0.632
P 0.497 0.042 0.348 0.062 0.085 0.000 0.995 0.001 0.317 0.572 0.204 0.093
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compared to the upper part o f the brain in all activity groups. The NBAD levels in the 
upper pari o f the brain correlated significantly with the levels o f  DA in the lower part o f 
the brain in dancers and followers, but not in resting bees. In followers, the NBAD 
level was correlated to the 5HT level between the upper and lower parts o f  the brain, 
but in resting bees NBAD level in the upper part was correlated only to 5HT in the 
lower part o f the brain.
DISCUSSION
Some of correlations between biogenic amine levels o f  the upper and lower 
brain and the activity groups o f mature bees found in this study can be explained based 
on the known mechanism o f action and/or metabolism of biogenic amines. The higher 
OA levels in the upper brain o f dancers, compared to followers or resting bees, might 
result from a higher sensory input involved or a learning associated with collection of 
nectar. It was shown that the sugar collected on a foraging trip stimulates a bee to 
increase foraging activity (von Frisch 1965). When sucrose was offered as a reward, 
sucrose stimulated an associative learning behavior that was mediated by VUMmxI 
neurons (Hammer 1993), where OA was identified as the principal neurotransmitter 
(Kreisel et al. 1994). VUMmxl neurons have a wide arborization over the entire brain 
but are more concentrated in the calix o f  the mushroom bodies. It was also shown that 
OA neurons had stimulatory effects in the processing o f olfactory (Mercer and Erber 
1983) and visual information (Mercer 1987; Erber and Kloppenburg 1995;
Kloppenburg and Erber 1995) associated with learning.
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The correlation o f  NBAD levels to DA levels indicated that the highest DA 
metabolism occurred in the dancers and lowest in the resting bees. The high slope of 
the regression o f NBAD to DA levels in the upper part o f  the brain o f  dancers also 
suggest that a higher amount o f DA was synthesized in this group compared to 
followers and resting bees. It is possible that DA regulates the nervous activity related 
to recruitment behavior in the calyx o f the mushroom bodies, wherein the highest level 
of nervous processing is found (Menzel 1993; Hammer and Menzel 1995).
Though no difference o f brain DA levels were found in the current study in the 
different activity groups o f mature bees (dancers, followers or resting bees), some 
studies indicate a relationship of brain DA levels to behavior. Higher DA levels were 
found in the brain o f mature bees than in younger hive bees (Taylor et al. 1992). 
Injection o f DA into the brain between the mushroom bodies o f  bees reduced the 
retrieval o f learned response to laboratory conditioning o f  olfactory stimuli (Michelsen 
1988). This reduced learning response was correlated with reduced action potentials in 
the individually identified neurons involved in conditioning (Mercer and Erber 1983). 
Such neurophysiological studies suggested that DA was not involved in memory 
formation, but rather in the expression of the motor response associated with learned 
conditioning of proboscis extension (Menzel et al. 1994). DA had basically an 
inhibitory modulation, however, such neurophysiological studies were done with bees 
mounted on a holder in a laboratory with a different motivational state than foraging 
bees. It would be unwise to extrapolate results from associative learning of laboratory
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restrained bees to the latent learning o f dancers (Menzel 1993). DA may be important 
in the foraging activity o f honeybees tluough the modulation o f activity in the 
mushroom bodies. Fine arborization o f DA neurons occur in the collar ring of the calix 
o f the mushroom bodies (Schafer and Rehder 1989). The collar ring has mainly visual 
input (Bicker et al. 1987), that can be correlated with processing o f visual information 
during foraging.
The high levels of biogenic amines observed in the brain o f bees collected in 
March may be related to elevated foraging activity associated with a large intake of 
fresh nectar into the hive. A similar elevation o f brain biogenic amine was also thought 
to be related to a strong nectar flow in the spring (Chapter 3; Harris and Woodring, 
1992). This hypothesis is supported by the finding of a reduced levels o f biogenic 
amines in the brain o f foragers one month later, in April. In this particular April I 
observed a greatly reduced nectar flow, which is not uncommon in Louisiana. The 
observed correlations of biogenic amines in the brain to the activity groups of mature 
bees might have only been apparent under the conditions o f elevated foraging activity 
associated with the high nectar flow.
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SUMMARY AND CONCLUSIONS
EFFECT OF ACTIVITY ON THE HEMOLYMPH SUGAR TITERS IN 
HONEYBEES
Foraging dancers had significantly lower hemolymph trehalose titers than 
followers or resting bees when sampled in the hive at the same time o f day. Followers 
and dancers had a higher glucose titer than resting bees, probably because o f elevated 
activity. Dancers had elevated fructose titers compared to followers, probably because 
dancers recently collected nectar. During absconding, almost all o f the hemolymph 
trehalose disappeared. This decreased trehalose possibly resulted from the high energy 
demands taking place during the long periods o f hovering flight in front o f the hive. 
However, intense shaking and agitation o f small groups o f bees in a cage could not 
duplicate the very high level o f activity during absconding. The reason why absconding 
bees and swarming bees come to rest in the immediate vicinity o f the hive might be to 
regenerate hemolymph trehalose titers. Using the food in the honey stomach, the 
trehalose titer is restored within an hour after absconding. Shaking resulted in reduced 
glycogen in the flight muscle and an increased hemolymph fructose titer, but not 
decreased trehalose titers. On the first clear day following rainy days, foragers were 
more excited, as noted by more vigorous running about, and they had higher glucose 
titers and lower trehalose titers than after a sunny day. This excited state increased 
ingestion o f food, leading to increased glucose titers. Bees sampled in the fall had
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higher trehalose and lower glucose titers than bees sampled in the spring, and this
finding may be due to more intense foraging activity in the spring.
VARIATION OF JH SYNTHESIS RATE IN MATURE HONEYBEES 
AND POSSIBLE REPROGRAMMING OF HYPOPHARYNGEAL 
GLAND FUNCTION
JH synthesis was higher in followers than in dancers, which suggests that higher
JH levels in followers might be an internal motivational stimulus to induce them to
leave the hive to search for food. The in vitro juvenile hormone (JH) synthesis rate of
foraging bees was higher in the fall than in the spring, higher during the day than in the
evening, and had greater variation in older than in younger bees. The a-glucosidase
activity in the hypopharyngeal gland increased with age and with an increased JH
synthesis rate. JH is possibly involved in the reprogramming o f the hypopharyngeal
gland from producing larval food to production of a-glucosidase. The size o f the
hypopharyngeal gland decreased with age as the enzyme activity increased because the
function changes from the synthesis o f royal jelly to that of a-glucosidase. The gland
activity was lower in the evening (after foraging ceased) compared to during the day
and was the highest in followers, a-glucosidase activity in the hypopharyngeal gland
correlated well with the feeding and foraging activities o f mature bees.
LEVELS OF BIOGENIC AMINES IN THE BRAIN AND THEIR 
POSSIBLE EFFECTS ON FORAGER RECRUITMENT IN MATURE 
HONEYBEES
DA pathways in the brain o f honeybees are involved in regulation o f forager 
recruitment. Brain DA and NBAD levels in the dancers were always higher than in
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followers, and an increased number o f dancers was observed after feeding the colony 
DOPA. Dunng the morning (before 7;00 A.M.) or during the day, brain levels o f  5HT 
was the same in all three activity groups, but brain levels o f 5HT were higher in the 
evening (resting bees). Though there was no daily variation in hemolymph or brain DA 
levels in any activity group of mature bees, higher hemolymph levels o f DOPA were 
observed in the morning compared to the day. Higher brain levels o f DA, OA and 5HT 
were observed in all activity groups in the fall compared to the spring. In the fall, these 
biogenic amines were higher in dancers than in followers. This seasonality o f biogenic 
amine levels might be a response to a shortening photoperiod, to decreasing 
temperature or to type o f available food. Hemolymph DA and the metabolite N-P- 
alanyldopamine (NBAD), and brain NBAD levels were higher in the spring in all 
activity groups, which could be related to more active tanning processes in the spring. 
Brain levels o f OA, DA and 5HT o f mature bees were lower on the first clear day 
following a rainy period than on the second clear day.
DOPAMINE METABOLISM IN RELATION TO THE ACTIVITY OF
MATURE HONEYBEES AND TO HEMOLYMPH SUGAR TITERS
The levels o f the NBAD was positively related to the DA levels in both the 
brain and hemolymph in the three activity groups o f mature bees. A higher regression 
slope (/?) o f the statistical dependance o f NBAD on DA was observed in spring than in 
fall, that may indicate a less efficient transport o f NBAD from the brain to the 
hemolymph in the spring. In the spring, dancers had a higher /? than followers, 
indicating higher synthesis rates o f NBAD in the dancers. Resting bees in the evening
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had a higher hemolymph /3 than found in bees during the day. This may indicate the
continued transport o f NBAD from the brain to the hemolymph after DA levels fell.
The regression models suggest the following pathways of DA metabolism in
honeybees: 1) DOPA from the hemolymph diffuses across the blood brain barrier and is
used for DA synthesis, 2) DA is metabolized in the brain to NBAD, 3) NBAD is
actively transported into the hemolymph and used for tanning and sclerotization o f the
cuticle. Higher energy demands in the brain are correlated to elevated brain DA which
was negatively correlated with hemolymph glucose.
RELATIONSHIPS OF BIOGENIC AMINE LEVELS IN THE UPPER 
AND LOWER PARTS OF THE BRAIN TO THE ACTIVITY GROUPS 
OF MATURE HONEYBEES
The activity o f mature bees was associated with the distribution o f biogenic 
amines in the upper part of the brain, containing the calyx of the mushroom bodies, and 
the lower part o f the brain, containing the alpha and beta lobes of the mushroom 
bodies. It is suggested that the higher OA levels found in the upper part o f  the dancers’ 
brains, compared to that o f followers or resting bees, might be associated with the 
processing o f visual and olfactory information and learning involved with foraging. DA 
metabolism was highest in the upper part o f the brain in dancers and lowest in resting 
bees. DA is hypothesized to modulate the neural activity in the calyx o f  the mushroom 
bodies related to recruitment behavior.
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Throughout this dissertation correlation analysis and regression models were 
used to study relationships between sugars and biogenic amines in the brain and 
hemolymph. Some of these correlations can be explained, or at least an explanation can 
be suggested, based on known metabolic mechanism, but as with correlations in 
general, there may be no relation and the correlation is spurious. The value o f the 
correlations and regression models in this dissertation is that they can provide some 
direction to the design of experiments in which the sugar and biogenic amine can be 
manipulated, either through brain infusion, injection into the hemolymph or addition to 
the diet.
Most o f brain and hemolymph samples were collected from bees o f one colony, 
that was not requeened during the entire time of the dissertation study. Different 
colonies were used in experiments with absconding bees, with the study o f 
a-glucosidase activity in the hypopharyngeal gland, and the experiments involving 
feeding colonies DOPA. Since many results were based on samples from one colony, 
the results in these cases cannot be extended or generalized to honeybees in general. 
Experiments are planned in the near future utilizing populations o f bee colonies to 
verify the postulated hypothesis generated in this study.
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